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We provide a time-and structure-resolved characterization of the folding of the heterogeneous β-hairpin peptide Tryptophan Zipper 2 (Trpzip2) using 2D IR spectroscopy. The amide I′ vibrations of three Trpzip2 isotopologues are used as a local probe of the midstrand contacts, β-turn, and overall β-sheet content. Our experiments distinguish between a folded state with a type I′ β-turn and a misfolded state with a bulged turn, providing evidence for distinct conformations of the peptide backbone. Transient 2D IR spectroscopy at 45°C following a laser temperature jump tracks the nanosecond and microsecond kinetics of unfolding and the exchange between conformers. Hydrogen bonds to the peptide backbone are loosened rapidly compared with the 5-ns temperature jump. Subsequently, all relaxation kinetics are characterized by an observed 1.2 ± 0.2-μs exponential. Our time-dependent 2D IR spectra are explained in terms of folding of either native or nonnative contacts from a common compact disordered state. Conversion from the disordered state to the folded state is consistent with a zip-out folding mechanism.
protein folding | time-resolved spectroscopy | multidimensional | ultrafast E ven with technical advances in protein folding simulations and experiments, it remains difficult to compare them at a molecular level. As a result, the pictures that emerge from these studies differ. Experiments are commonly interpreted using two or three states separated along a reaction coordinate by transition states that are difficult to interpret. Molecular dynamics (MD) simulations provide richly detailed information on the conformational dynamics, often involving more configurational states than can be resolved in experiments (1) (2) (3) . These heterogeneous folding scenarios reinforce funnel pictures of the folding to a native state (4) . Although the connection between these pictures has been articulated (2) , experimental validation of these concepts is scarce (5) (6) (7) .
Bridging the gap between theory and experiment requires experiments that are both sensitive to different conformational states of a protein and have time resolution to characterize their interconversion. Toward this goal, we have studied the folding of the β-hairpin peptide Tryptophan Zipper 2 (Trpzip2, TZ2) using 2D IR spectroscopy. Our experiments probe the amide I′ vibration, which is primarily C = O stretching of the peptide backbone. By spectroscopically isolating peptide units through isotope labeling, they become reporters of hydrogen bonding (H-bonding) to the amide oxygen. To connect amide I′ spectral observations with structures from MD simulations, models of amide I′ IR spectroscopy have recently become available (8) . With these tools, we have identified multiple conformations for TZ2 (9, 10) , including at least two turn structures. Transient 2D IR (t-2D IR) spectroscopy of peptides has proven powerful for following peptide conformational dynamics (5, (11) (12) (13) . Here, t-2D IR spectroscopy of three TZ2 isotopologues is used to follow the conformational changes induced by a fast temperature jump (T-jump) (12, 14) . TZ2 (Fig. 1 ) is a 12-residue peptide designed to form a type I′ β-turn due to stabilization by cross-strand H-bonds and packing of two pairs of tryptophan (Trp) indole rings (15) . TZ2's small size and fast folding rates have made it an attractive system to study both experimentally (9, 10, (15) (16) (17) (18) (19) (20) (21) (22) (23) and computationally (3, 16, 18, (24) (25) (26) (27) , which has fostered comparison and enriched interpretation of results. In general, recent work has focused on discriminating between two folding processes: (i) hydrophobic collapse (25, 28) , in which H-bond contacts are formed after hydrophobic contacts create a favorable collapsed state, and (ii) zipping (18, 26, 29) , where native H-bonds (nHBs) form rapidly following a nucleation event. Although there is little consensus on structures, many recent simulations identified multiple stable states: native, disordered, misfolded, and partially folded (13, 24, 26, 27) . When characterized, the folding transition state is usually identified as containing the inner turn H-bonds (25, 27) . If the cross-strand H-bonds form sequentially, the peptide may fold through a zip-out (turn-to-termini) or zip-in mechanism, both of which have been observed in simulations (18, 26, 27, 29) .
Early experiments interpreted a sigmoidal melting curve (15) and single exponential folding kinetics (18) as signs of two-state folding. However, recent experiments interpreted probe-dependent melting points measured with circular dichroism, fluorescence, FTIR, and 2D IR as signs of multistate behavior (10, 16, 20) . Heterogeneous folding was also proposed based on frequency-dependent differences in isotope-labeled 2D IR experiments and rates in T-jump measurements (10, 17, 19, 21, 22) . Despite many studies, there has been no consensus on the folding mechanism or the specific assignment of states. Both cross-strand H-bond formation and Trp packing are recognized as being important, but their relationship is unclear. Our results provide direct experimental evidence of heterogeneous folding of TZ2, which validates insights from MD simulations and indicates that classification of the folding mechanism purely by zipping or hydrophobic collapse oversimplifies the process.
Results
Equilibrium 2D IR Spectroscopy. In addition to the unlabeled (UL) TZ2 peptide, we studied two isotopomers labeled at the sites highlighted in Fig. 1 . A 13 C label at the lysine isotope label (K8) carbonyl provides a reporter for the presence of H-bond 2 ( Fig. 1 ) in the turn, whereas a dual threonine 13 C isotope label at the T3 and T10 carbonyl (TT) senses vibrational couplings due to contacts in the central region of the strands. Spectra for these peptides are shown in Fig. 2 . UL TZ2 spectra show two distinct features of antiparallel β-sheets; the 1,635 cm −1 and weaker 1,670 cm −1 peaks are due to the ν ⊥ and ν ║ modes, two delocalized vibrational modes that differ by the phase of vibration between adjacent amide units (9) . In 2D IR spectra, the vibrational excitation frequency (ω 1 ) is correlated with a detection frequency (ω 3 ). Each resonance is a doublet composed of a positive peak ( Fig. 2 ; fundamental, red) and negative peak ( Fig. 2 ; overtone, blue) displaced to lower ω 3 . The ν ⊥ and ν ║ peaks have cross-peaks in This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: tokmakof@mit.edu. This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1211968110/-/DCSupplemental. appear along the diagonal in the 1,575-to 1,620-cm −1 region. For the dual-label TT, there is a single diagonally elongated shoulder at 1,610 cm −1 (Fig. 2) , whose large red shift relative to the single-label case is due to cross-strand amide couplings between the two threonine amide groups (10) . Despite being a single label, the K8 spectrum displays two peaks separated by ∼15 cm −1 (Fig. 2) .
To make connections between structural and spectral features, the 2D IR spectra of varying conformational states obtained from Markov state analysis of MD simulations (3) were previously simulated using a model for the amide I′ vibrations (10, 30) . To highlight the key features, four chosen conformational states are shown in Fig. 3 and a detailed description is found in the study by Smith et al. (10) . The folded state corresponds to the native fold with an NMR-observed type I′ β-turn in which the K8, T3, and T10 oscillators are H-bonded to the opposite strand (15) . The frayed state retains the native turn, except the N and C termini are frayed and the T3 and T10 contacts are slightly loosened. The bulged state retains central cross-strand contacts but has an unstructured turn and misregistered H-bonds that leave the oxygen of K8 solventexposed. The disordered state contains a variety of compact conformations that lack β-sheet structure. The experimental UL spectrum shares features with calculated spectra for the folded, bulged, and frayed conformers. The 1,610-cm −1 peak in the TT spectrum is reproduced in the folded and bulged simulated spectra. Disordering of the midstrand TT H-bonds causes the TT shoulder to shift to higher frequency (blue shift) and decrease in amplitude, as is shown in the bulged and frayed states and in the drop in intensity in the disordered spectrum (10) .
The two K8 peaks are attributed to two turn conformations whose frequencies differ based on the number of H-bonds made to the labeled C = O (10, 31). The higher frequency (K8-2) peak at ω 1 = 1,610 cm −1 is assigned to the type I′ β-turn, in which TZ2 forms an H-bond across the turn to the N-H of E5, as is consistent with the folded and frayed simulated spectra. In a comparison of the bulged spectrum ( Fig. 3 ), the lower frequency (K8-1) peak at ω 1 = 1,592 cm −1 is attributed to conformers in which the K8 carbonyl is solvent-exposed and can accept two H-bonds from water. It does not arise from an unfolded or disordered state, because 2D NMR restraints under similar conditions described a well-folded structure (15) . Although the presence of two amide I peaks may also be seen in the case of multiple solvation states (32), watersolvated carbonyls have considerably broader line widths than observed for K8-2. Instead, this sharp line shape is consistent with the restricted, buried nature of the K8 oscillator in the folded state: one unique H-bonding configuration. Based on this reasoning and computational modeling, the presence of two peaks is evidence of conformational heterogeneity.
Previous equilibrium experiments have also identified the temperature-dependent spectral changes expected for TZ2 and alanine substitutes (TZ2C) (9, 10, 15, 20) . On heating, the UL β-sheet peaks decrease and broaden concomitant with the increase of intensity at 1,660 cm −1 , spectral changes that can be assigned to full disordering or partial fraying of the structure, which leaves residual β-turns (9, 10). Broadening and blue-shifting of peaks were also observed and are expected based on the general amide I′ response to temperature (23, 33) . Although both K8 turn configurations are lost with increasing temperature due to net conversion to a disordered or partially disordered state, the native type I′ β-turn configuration (K8-2) is retained at a higher population relative to the bulged turn population (K8-1) (10) .
T-Jump Spectroscopy. We performed T-jump infrared experiments using the methods described by Jones et al. (23) . The initial sample temperature was T i = 35°C, and it was jumped 10°C in 5 ns. Conformational changes induced by the T-jump were followed with t-2D IR, transient dispersed pump-probe (t-DPP), and transient absorption (t-A) experiments. Whereas t-A is a traditional measure of the change in linear absorbance, t-2D IR and t-DPP measure the change in a nonlinear signal. The t-DPP spectrum is equal to the projection of the t-2D IR spectrum onto the ω 3 detection axis, but because it is acquired in one frequency dimension, it can be sampled more rapidly. We present the spectral results from the t-2D IR and the time dependence from the corresponding t-DPP. t-A results, raw t-DPP spectra (Fig. S1 ), and raw t-2D IR spectra ( Fig.  S2 ) are presented in SI Text.
As shown in Fig. 4 , characteristic time traces from the t-DPP data exhibit three general time scales: a <5-ns response limited by the T-jump pulse width, a 1-to 2-μs response, and a 1-ms time scale reequilibration of the temperature as the heat diffuses out of the sample. These time scales are observed in all t-DPP and t-2D IR spectra, with varying amplitudes. Although exponential fits of the t-DPP traces range from 1.0-2.0 μs (Table S1 ), within their 95% confidence intervals, all isotope label variants can be described by a 1.2-μs relaxation time. This is consistent with previously measured relaxation times (19) . The time scales indicate that our observations arise from activated kinetics of exchange between states on the microsecond time scale, and from diffusion-limited relaxation within these states following the T-jump on picosecondto-nanosecond time scales.
To analyze the time-dependent spectral changes in the T-jump t-DPP and t-2D IR experiments, we applied a singular value decomposition (SVD) analysis to their spectra (SI Text and Figs. S3-S6). SVD linearly decomposes the data into spectra that share a common time dependence. Our analysis encapsulates the spectral changes in the t-DPP and t-2D IR experiments that occur during the nanosecond period and the subsequent microsecond period through two spectra, S n and S μ , respectively, and their time-varying amplitudes, P n and P μ . The nanosecond and microsecond spectral components are shown in Fig. 5 B and C, along with their matching t-DPP time traces in Fig. 5D . The raw data are similar to the SVD components, and they are presented in Fig. S1 . P n traces immediately jump to a positive value following the T-jump, whereas P μ t-2D IR. Nanosecond response. For t-2D IR difference spectra, the sign of gain and loss features depends on the sign of the equilibrium peak (34) (Fig. S7) . Generally, because a diagonal peak in the equilibrium spectrum is positive (red) above and negative (blue) below the diagonal, loss of that peak in the difference spectrum shows up as blue above and red below the diagonal. The UL S n spectrum has two sets of paired features: loss along the diagonal maximized on the low-frequency side of equilibrium peaks and gain in the off-diagonal regions (marked by pink arrows in Fig. 5B ).
These changes are consistent with a blue shift and a transition from inhomogeneous to homogeneously broadened peaks (23) (Fig.  S7 ). This suggests the T-jump induces increased conformational fluctuations (exhibited by broadening) and a net weakening of peptide/peptide and/or peptide/water H-bonds (exhibited by blue shifting). Thermal fluctuations, loss or weakening of H-bonding surrounding the TT and K8 oscillators, and weakening of TT crossstrand couplings are observed in TT and K8 S n spectra as loss on the red side of the equilibrium peaks for the TT and K8-1 (green arrows in Fig. 5B ). The blue shifting of the TT peak is subtle due to overlap with diagonal loss features, but it is apparent through off-diagonal growth (pink arrow in Fig. 5B ) and a dip in the negative intensity (white arrow in Fig. 5B ). The K8-2 peak shows gain on the high-frequency side of the resonance (white arrow in Fig. 5B ) and loss on the low-frequency side, which could be due to weakening of the H-bond to the K8-2 configuration. Alternatively, a solvent-exposed K8-1 oscillator could lose H-bonds to the solvent, shifting it up in frequency so that it might overlap with K8-2. In either case, fast changes in H-bond strength or number without significant peptide conformational change are involved, and the TT and K8-2 responses indicate that the midstrand and turn-region H-bonds remain intact on the nanosecond time scale. Microsecond response. The S μ spectra in Fig. 5C highlight the spectral changes that occur exclusively on the microsecond time scale, and they display signatures of significant conformational changes. Along the diagonal of the UL spectrum, loss of peaks at 1,640 cm −1 (ν ⊥ ) and 1,680 cm −1 (ν ║ ) indicates disruptions to the antiparallel β-sheet (10, 13) . In the 1,660-cm −1 region, there is a concomitant increase of a broad doublet peak (pink arrows in Fig. 5C ), which we assign to the appearance of disordered structures (10) . Such spectral changes are consistent with fraying of the termini or complete unfolding of the turn.
The TT and K8 isotope-region S μ spectra display loss along the diagonal consistent with the equilibrium spectrum but show no noticeable gain features. Loss of the TT and K8-2 peaks indicates that the midstrand and turn region H-bonds are broken on the microsecond time scale. The K8-1 peak is also lost in S μ , indicating loss of misfolded conformations in which the K8 carbonyl is pointing out into the solvent. The microsecond time scale associated with loss of these misfolded K8-1 configurations indicates a significant barrier separating the misfolded configurations from the disordered state.
Discussion
Based on our experiments and prior characterization of this system, we propose an energy landscape for the folding of TZ2 in Fig.  6 . Although the observation of only one interwell exponential relaxation time scale (∼1.2 μs) generally implies two states, our (3, 24) that were dominated by disordered configurations (89%). The folded (8%), misregistered (similar to bulged, 2%), and frayed (0.1%) states were present in much lower populations. MD simulations were only used to sample representative structures for spectral simulations, and they are not a reflection of the conclusions of this work. Fig. 4 . Normalized traces from the t-DPP data of TZ2 UL shown in Fig. S1 illustrating the nanosecond and microsecond time scales observed in the data at ν ⊥ = 1,640 cm −1 and ν ║ = 1,670 cm −1 . The dashed red curve indicates the temperature profile. The solid and dashed vertical arrows indicate the ratio of S n and S μ amplitude for these frequencies, which are offset for clarity. Arb., arbitrary.
spectral assignments lead us to identify three thermodynamically distinct states: folded (F), misfolded (M), and disordered (D). Within the folded and misfolded wells, we also identify a change in the average structures between the initial (F 0 , M 0 ) and final (F, M) temperatures spanned by the T-jump. The surfaces represent hypothetical potentials of mean force along representative coordinates: the nHB number, non-nHB number, type I′ β-turn folding (turn rmsd), and extent of disorder and solvation of the backbone [radius of gyration (R g )].
The states are characterized as follows using the H-bond numbering convention in Fig. 1 .
Folded. Folded (F and F 0 ) states contain the type I′ β-turn, Hbonds 1-4 (and perhaps H-bond 5), and Trp side-chain packing presented in the NMR structure and in the folded state configuration from simulations. The F 0 spectrum contains ν ⊥ and ν ║ peaks, the K8-2 peak, and a red-shifted TT peak. On thermal excitation, the F state may include frayed configurations with Hbonds 1-3 and loosened packing of Trp2/Trp11. Relative to F 0 , the F spectrum shows blue-shifted K8-2 and TT frequencies.
Misfolded. Misfolded (M and M 0 ) states exhibit solvent-exposed K8 carbonyls with bulged turns, misregistration of β-strands, some non-nHBs near the termini, and reduced Trp packing. These spectra feature the K8-1 peak, which is expected to blue-shift on thermal excitation.
Disordered. Disordered (D) states are unstructured states. The structures vary from compact to extended, which is observed as a wide distribution in the R g in Fig. 6 . Configurations also vary in the solvent exposure of K8. The D spectrum contains a single disordered main amide I′ peak at ∼1,660 cm −1 , and the TT and K8 peaks are expected to be weak and broad, spanning the entire 1,580-to 1,610-cm −1 range.
The equilibrium ensemble has a high fraction of folded structures with native type I′ β-turns. The UL spectrum indicates antiparallel contacts between strands, and the TT and K8-2 peaks indicate H-bonds 2-4 are intact in these equilibrium β-turn conformations. The geometrical constraints imposed by H-bonds 2-4 indicate that an intact H-bond 1 is highly probable in the folded conformation. Previous dual labeling of mutant TZ2C has shown that the A1 and A10 residues are not coupled, indicating fraying at the end (19) . Thus, we estimate that the free energy minimum of F 0 lies at four cross-strand nHBs.
For species starting in the folded well (F 0 ) at T i , the T-jump induces an abrupt <5-ns relaxation to F with minor conformational changes, leading to blue shifts of the K8-2 and TT peaks (white arrows in Fig. 5B ). This suggests loosening of the cross-strand nHBs, but the signs of complete loss of these H-bonds are not Fig. S2 ) describe the spectral changes on nanosecond and microsecond time scales. Red corresponds to a positive difference of spectral amplitude, and blue represents a negative difference. Loss of diagonal peaks is observed as blue above and red below the diagonal. Contours from the equilibrium spectra are shown overlaying the transient spectra. Contours and shading in A-C are drawn as described in Fig. 2. (D) Time-dependent amplitude changes for the t-2D IR spectra shown in B and C, obtained from SVD analysis of t-DPP spectra in Fig. S1. observed. Loss of H-bond 4 would result in similar spectral changes. These spectral changes suggest that the folded well at the final temperature (F) is slightly shifted to a lower nHB number from F 0 , most likely as a result of fraying.
The presence of the K8-1 peak at 35°C (Fig. 2) shows that stable conformations exist with solvent-exposed K8 carbonyls, the M 0 state. This peak intensity decreases with increasing temperature, indicating that it is distinct from the D state, whose population increases with temperature. Comparing the intensity ratio of the K8-2 and K8-1 peaks at T i = 35°C indicates that ∼70% of the population has native turn conformations and 30% has a solventexposed K8, assuming a negligible population of D. As with the β-turn structures, we expect the loss of H-bonds due to T-jump will cause a shift in the K8-1 frequency. The solvent-exposed K8 conformations are disturbed on the <5-ns time scale (Fig. 5B ), and are reflected in the energy landscape as relaxation from M 0 to M.
The lack of growth in the K8-1 isotope label region ( Fig. 5 B and  C) suggests that the disordered state is not completely extended into the solvent, where multiple H-bonds can form to an exposed K8 carbonyl. We therefore represent the D state through a broad distribution of R g , where the highest probability conformation is relatively compact. Consistent with this conclusion, the D state is also collapsed in many simulations (16, 18, 25, 27) and experiments (16, 17, 35) . Based on melting curves, a minimal population (<5%) exists in disordered states (distinct from misfolded states) in this temperature range (9, 10, 15, 20) .
On the ∼1.2-μs time scale, the loss of K8-2 ( Fig. 5C ) indicates conformational changes involving the unfolding of the type I′ β-turn and a transition from F→D. The K8-1 ( Fig. 5C ) peak is lost on the same microsecond time scale as the K8-2 peak, indicating that T-jump-induced conformational changes to the solvent-exposed K8 structures proceed over a significant energetic barrier. Furthermore, because T-jump relaxation rates between two states are related to the forward and reverse rates, this process is connected to the change to K8-2 in some manner. It may appear that the synchronized loss of K8-1 and K8-2 peaks on the ∼1.2-μs time scale and exponential kinetics are consistent with two-state folding in which the K8-1 and K8-2 structures are both of a folded nature and exchange rapidly with <5-ns kinetics. Our conclusion of conformationally distinct F and M states is based on the spectral assignment of the K8-1 and K8-2 peaks to bulged and folded structures based on spectral simulations (10), line-width arguments, and multiple rates reported in separate experiments (19) . The great conformational dissimilarity of misregistered structures relative to the native state indicates that direct transitions between F and M states are improbable. These states differ in strand orientation, H-bond registry, and global configuration of side chains. A concerted inversion of strands and side chains is needed to make this transition; therefore, an exchange of these structures is far more likely to proceed stepwise through the D state, as has been observed in simulations (3) .
In the general case, T-jump relaxation kinetics involving three states in series would exhibit biexponential relaxation with time scales that depend on all forward and reverse rates. The amplitudes of the two exponential phases, however, depend on the individual rates and the changes in populations induced by the T-jump, such that it is not unusual for a single exponential to dominate the observed relaxation. Because the spectral assignments lead us to propose three states, we conclude that we are in the regime where the amplitude of the second exponential is negligible. This is consistent with experiments on the mutant TZ2C, which found frequency-dependent folding rates consistent with an intermediate but a convergence of relaxation time scales for temperatures >45°C (19) . We expect the fastest rates are for the D→M and D→F transitions, a reasonable assumption at this temperature. Based on the previously determined relative populations between D, M, and F (10) and the 1-to 2-μs observed relaxation rate, we can conclude that these rates fall in the 1-to 5-μs window and the corresponding unfolding rates are twofold to 10-fold slower. These rates are similar to those observed for other hairpins (12, 29, 36) .
On the basis of these observations and the proposed energy landscape, it is possible to draw some conclusions regarding the mechanism of folding. The β-strand structure, midstrand H-bonds, and turn H-bond are lost simultaneously on the microsecond time scale, but the observation that H-bonds 5-6 are already frayed suggests a zip-out mechanism for the D→F transition. The transition state for this process would have H-bonds 1 and/or 2 intact, indicating that turn nucleation would appear to be the rate-limiting step for D→F folding (29) . This is consistent with simulations that identify a partially folded peptide with two to three H-bonds as a short-lived transition state (25, 27) .
The proposed free energy surfaces in Fig. 6 can be compared with similar potentials of mean force calculated from simulations of β-hairpin folding (26, 27) . Gao and coworkers (27) describe the transition from an extended state to a folded form through a partially folded state with possible excursions through a misfolded form, which bears similarity to our M. The F-D-M transition is much like the exchange of folded and misfolded conformers described in recent simulations of the protein G, B1 domain hairpin peptide GB1 (37, 38) .
The compact nature of our disordered state indicates that it retains hydrophobic contacts, although the Trps are likely disordered. This is consistent with fluorescence experiments, which have noted that full loss of the hydrophobic collapsed structure only occurs under strongly denaturing conditions (16, 17) . Although conducted under different conditions, T-jump fluorescence relaxation rates were also in the microsecond time range (17, 22) . The coincidence of rates determined with IR (sensitive to H-bonding structure) and fluorescence (sensitive to Trp packing) indicates that Trp ordering and H-bonding are highly correlated. This is not surprising, because, geometrically, correct H-bonding and Trp packing for the D→F transition require nearly native contacts of side chains and the backbone. It is possible to conclude that some hydrophobic clustering will accompany both the D→M and D→F transitions. Thus, a simple description of the folding of TZ2 solely in terms of zipping or hydrophobic collapse does not seem appropriate. Is the folding of this hairpin heterogeneous? Despite observing monoexponential kinetics, which we reconcile above, the structural assignments clearly indicate the presence of multiple conformers. Ultimately, conclusive evidence for heterogeneous folding requires conformer-specific experimental observables combined with clear evidence of exchange kinetics between these multiple states. Experimental observations of nonexponential kinetics (39) or probedependent kinetics (5, 12, 17) are suggestive but not definitive. One must associate such behavior with clearly resolved conformers, which 2D IR experiments are now able to do (10, 31) . In the present case, the T-jump exchange processes are not well separated. As such, experiments that leave no question as to the presence of heterogeneous folding are still needed.
Conclusion
These studies illustrate how T-jump t-2D IR experiments in conjunction with isotope labeling can evaluate conformational variation in proteins and the manner in which these conformers interconvert. Furthermore, these experiments bridge the gap between experiment and atomistically detailed MD simulations. In the case of the peptide TZ2, we experimentally identify three distinct conformational ensembles: a folded state with four crossstrand H-bonds and a type I′ β-turn, a misfolded state with a bulged turn and misregistered contacts, and a disordered state that is unstructured and predominantly compact. Conversion between the misfolded and folded states requires loss of stabilizing native or nonnative contacts and proceeds most efficiently through the disordered state. The dominant population flux connects disordered and folded states in a manner consistent with the widely reported zipping mechanism. Overall, the perspective here argues that for this system, and likely others, a thermal unfolding process is not characterized by transitions from a single compact native conformation to a denatured state with randomized configurations of the backbone and side chains but, instead, represents a shifting of populations within a heterogeneous ensemble that contains conformational preferences and varying degrees of disorder.
Materials and Methods
This study integrates the development of T-jump t-2D IR spectroscopy with the extensive equilibrium characterization of the structural heterogeneity of TZ2. Many of these experimental details have been described in prior work and are also summarized in SI Text. Briefly, the solid-phase synthesis and characterization of TZ2 samples are discussed by Smith et al. (9) . The design of the T-jump t-2D IR spectrometer (40) , the processing of t-2D IR data (23) , and heterodyne-detected dispersed vibrational echo spectroscopy (41) , from which the t-DPP values are calculated, have been described previously. Each T-jump time series of t-2D IR spectra is analyzed with a protocol built on established SVD procedures described in detail in SI Text.
